Purpose: Mitochondria are a gatekeeper of cell survival and mitochondrial function can be used to monitor cell stress. Here we validate a pathway-specific reporter gene to noninvasively image the mitochondrial function of stem cells. Procedures: We constructed a mitochondrial sensor with the firefly luciferase (Fluc) reporter gene driven by the NQO1 enzyme promoter. The sensor was introduced in stem cells and validated in vitro and in vivo, in a mouse model of myocardial ischemia/reperfusion (IR). Results: The sensor activity showed an inverse relationship with mitochondrial function (R 2 = −0.975, p = 0.025) and showed specificity and sensitivity for mitochondrial dysfunction.
Introduction
There is significant interest in the use of stem cells (SCs) as an alternative therapy for cardiac repair after myocardial infarction (MI) [1, 2] . However, while some clinical studies have shown benefit from cell therapy, others have been neutral or shown a transient improvement in left ventricular (LV) function [3] [4] [5] [6] [7] . This variable response may, in part, be due to poor survival and functionality of transplanted SCs within the post-ischemic myocardium, which has been shown to be pro-inflammatory, hypoxic, pro-fibrotic, and apoptotic [2, 8, 9] . Thus, identifying the conditions when SCs are most vulnerable to the hostile post-ischemic myocardial microenvironment [10] [11] [12] will provide critical insight that can be used to optimize regenerative therapies.
The survival and functionality of SCs, as with other cell types, is largely dependent on their capacity to generate chemical energy (e.g., adenosine triphosphate [ATP]), the majority of which is produced within the mitochondria [13] . These organelles are postulated as the Bgatekeepers^of cell survival [14] [15] [16] [17] [18] [19] . Furthermore, stem cell therapy is being tested in the ischemic myocardium, a condition that is characterized by hypoxia, inflammation, and oxidative stress [20] [21] [22] [23] [24] , all of which are known inducers of mitochondrial dysfunction, as well as deleterious to the phenotype/survival of transplanted SCs. Thus, it becomes of critical importance to expand our understanding of the interaction of transplanted SCs with the host ischemic myocardium, providing information that can be used to improved SC functionality and survival.
Current approaches to assess the fate and biology of transplanted stem cells involve traditional ex vivo assays (histology) and molecular techniques (gene expression by real-time polymerase chain reaction (PCR) and western blotting), which are both invasive and restricted in their capacity to monitor temporal changes in a given subject [25] . Developments in molecular imaging techniques, such as reporter gene technology, have enabled the noninvasive surveillance of cell fate in the living subject [26] [27] [28] [29] [30] [31] . In fact, bioluminescence imaging (BLI) has been used to study the kinetics of the viability of myocardial-implanted cells in living animals [27] . Furthermore, we recently reported that reporter gene imaging can also be used to monitor specific biological processes using conditional transgenes whose expression is regulated by pathway-specific promoters [32] .
In this manuscript, we describe a novel, noninvasive imaging strategy to monitor the mitochondrial function of mesenchymal stromal cells (MSCs) transplanted into the ischemic myocardium.
Materials and Methods

In Vitro Studies
MSCs were isolated from mice (friend virus B-type (FVB) background) and characterized as previously described [33, 34] . MSCs were, then, challenged with increasing doses of diethylmaleate (DEM, 50-150 μM), a known mitochondrial stressor [35] [36] [37] . Mitochondrial function was assessed by measuring oxygen consumption rate (OCR), membrane polarization (JC-1), cellular ATP content, and the rate of apoptosis/necrosis (annexin V/propidium iodide-PI-with FACS).
Cellular Respiration (Oxygen Consumption Rate)
The OCR was analyzed on a Seahorse extracellular flux analyzer (XF24, Seahorse Bioscience, North Billerica, MA) as previously described [38] . Briefly, MSCs were seeded at a density of 7.5 × 10 4 cells/well in a Seahorse XF24 plate (n = 5). The seeding density was determined with an initial assay that optimized OCR and minimized variability. After an overnight stabilization period to ensure cell attachment, cells were washed once with phosphatebuffered saline (PBS) and treated with DEM (0, 50, 75, and 150 μM) for 6 h at 37°C. Immediately prior to the assay, cultured media was replaced with minimal assay media (Seahorse Biosciences) supplemented with 25 mM glucose, 1 mM sodium pyruvate, 2 mM glutaMAX, 1× nonessential amino acids, and 1 % FBS and equilibrated for 45 min in a non-CO 2 incubator. The OCR was measured over a period of 20 min. Data are presented as the mean of three measurements normalized to protein content (pmol/ min/μg prot).
Membrane Potential Assay
Mitochondrial membrane potential (n = 6) was determined by JC-1 mitochondrial membrane potential kit (Abcam, Cambridge, MA) following manufacturer instructions, and as previously described [39] [40] [41] . Briefly, MSCs were plated in clear-bottom black 96-well plates at a density of 1 × 10 4 cells/well. Cells were then incubated with JC-1 (20 μM) dissolved in complete Dulbecco's minimal essential medium (DMEM) without phenol red for 10 min at 37°C. JC-1 was then removed and cells treated with medium containing DEM (75 μm for 6 h) and returned to the incubator. At the end of the experiment, the red (aggregated) and green (monomeric) forms of JC-1 were quantified in a Gemini XPS plate reader (Molecular Devices, Sunnyvale, CA) with excitation at 475 nm and emission at 590 and 525 nm, respectively. The fluorescence values of unstained cells were used to determine background fluorescence and were subtracted from the raw data. The ratio of aggregate to monomeric fluorescence was expressed as percent of normal control value.
Measurement of ATP
Cellular ATP (n = 6) was measured by StayBrite ATP assay kit (Biovision Inc., Milpitas, CA) according to manufacturer's instructions. Briefly, experiments were performed on cells seeded in 12-well plates, lysed with provided buffer, centrifuged, and then transferred to sterile tubes. Samples and ATP standards (10 μl each) were assayed with 80 μl of reaction mix, and luminescence was measured on a Turner Biosystems 20/20n luminometer.
Measurement of Apoptosis and Necrosis
Apoptosis and necrosis of MSCs (n = 4) was determined by FACS analysis (FACSCalibur flow cytometer, BD Biosciences, San Jose, CA) after staining with the Annexin V-FITC/PI Detection Kit (Abcam, Cambridge, MA) according to kit instructions. Briefly, MSCs were grown in 10-cm culture dishes for 24 h. Then, the cells were collected by gentle trypsinization and resuspended in the provided buffer (500 μl) with 5 μl of annexin V-FITC and 5 μl of PI. FACS data were analyzed by BD CellQuest Pro software.
Real-Time Reverse Transcription PCR
RNA was isolated using a RNeasy Mini extraction kit (Qiagen, Valencia, CA) according to the manufacturer's instructions followed by treatment with DNase I, amplification grade (Invitrogen). One microgram of RNA was reverse transcribed to synthesize complementary DNA (cDNA) using M-MLV Reverse Transcriptase Kit and random primers (Life Technologies, Grand Island, NY). The cDNA underwent 40 rounds of amplification (LightCycler® 480, Roche Diagnostics Gmbh, Mannheim, Germany) with the following reaction conditions: 40 cycles of a two-step polymerase chain reaction (PCR; 95°C for 15 s, 60°C for 1 min) after initial denaturation (95°C for 10 min) with LightCycler® 480 Probes Master mix (Roche Diagnostics Gmbh, Mannheim Germany), 500 nM of each primer and 250 nM of probe in a 12-μl final volume reaction. Gene expression levels were normalized using β-actin as housekeeping gene. Data were presented in terms of relative expression using the comparative cycle threshold (Ct) method (2 − ΔΔCt ) [42] .
PrimeTime® qPCR Assay primer and probe sequences for the genes studied are provided in Table 1 (Integrated DNA Technologies, IDT). Due to the diverse functions of the mitochondria, we focused on the expression of markers involved in a wide variety of mitochondrial functions. Real-time reverse transcription PCR (RT-PCR) was performed for the following candidates: STAT-3 (apoptosis), Tfam (regulator of mitochondrial DNA), ATP5a1 (ATP synthase), CyC1 (complex III of mitochondrial respiration), and NAD(P)H dehydrogenase quinone 1 (NQO1, mitochondrial-related oxidative stress).
Western Blotting
Protein expression of the most promising candidate was assessed by immunoblot analysis (NQO1, Abcam #ab34173, Cambridge, CA; dilution 1:1000).
Luminometer Measurements
NQO1-Fluc reporter enzyme activity was determined by luminometry (n = 9) as previously reported [27, 32] . Briefly, cells were lysed with passive lysis buffer for 10 min at 4°C, and lysates were centrifuged for 15 min at 15,000 rpm at 4°C. Aliquots of supernatant (20 μl) were mixed with 100 μl of luciferase assay reagent II (LARII, substrate for Fluc, Promega, Madison, WI) or coelenterazine (1 μg, substrate for Rluc in 100 μl PBS, Nanolight Technology, Pinetop, AZ) and analyzed using a luminometer (Turner Designs 20/20n, Sunnyvale, CA) to measure total light emission. This enabled quantification of both Fluc and Rluc activity in relative light units (RLU). Data were corrected for background signal, using lysates from untransfected cells, and normalized to protein content.
Specificity and Sensitivity of the Sensor
To test the specificity of the sensor, we exposed MSCs to a nonmitochondrial challenge (dimethyl sulfoxide, DMSO, 1 %), and measured its effect on cell toxicity (LDH release, n = 8) [34] , OCR (n = 5) and the mitochondrial sensor (NQO1-Fluc) activity. To further examine if this sensor is sensitive to modulations of mitochondrial function, MSCs exposed to DEM (75 μM for 6 h) were treated with a mitochondrial-specific ROS scavenger (mitoTempo, 100 μM, n = 6). To test whether the sensor was specific to mitochondrial activity and would not react to a non-mitochondrial antioxidant, a separate group of MSCs was treated (in conjunction with DEM-75 μm) with a cytoplasmic antioxidant (Tempol, 2.5 mM, n = 6).
Moreover, we sought to determine the response of the NQO1-Fluc sensor after exposure of MSCs to challenges used to study the effect of reactive oxygen species (ROS), highly produced in the pro-inflammatory processes that occur after an ischemia/reperfusion injury, on cellular function. Cells were treated with either hydrogen peroxide (H 2 O 2 , 100 μM during 6 h, n = 4) or hypoxia (1 % O 2 during 72 h, n = 4). Cellular ATP content and the mitochondrial sensor activity were analyzed. MSCs exposed to hypoxic conditions (30,000 cells/well) were transfected with the NQO1-Fluc vector after 48 h of culture, and in vivo BLI of whole intact cells was performed 24 h post-transfection. Cells were imaged for 10 min using 1-minute high-sensitivity acquisition scans, and data were expressed as total radiance (photons/s/cm 2 /sr) of each well.
Animal Studies
All animal experiments complied with the standards stated in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academy of Sciences, Bethesda, MD, USA) and were approved by the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee (IACUC). Studies were performed on female FVB/NJ inbred mice (Jackson Laboratory, Bar Harbour, ME, USA) of 11 weeks of age, weighing 20-25 g. Mice underwent a surgical procedure for the induction of ischemia/reperfusion (IR) injury: following endotracheal intubation, animals were mechanically ventilated. Isoflurane (1.8 %) was used to maintain general anesthesia. After visualization of the left anterior descending coronary artery (LAD), a 9-0 Ethilon suture was inserted into the myocardium enclosing the LAD just 1.5 mm distal to the left auricle. Then, the LAD was tightly compressed by a thin piece of plastic tubing secured by the suture. Ischemia was confirmed by the appearance of pallor over the apical LV myocardium, along with hypokinesis/akinesis. After 35 min of ischemia, the suture was cut and the tubing removed to allow reperfusion. Allogeneic MSCs (4 × 10 5 in 30 μl of saline), cotransfected with CMV-Rluc and NQO1-Fluc, were administered transepicardially into the peri-ischemic territory of animals (n = 8), 10 min after reperfusion or sham procedure (n = 9).
BLI was performed 6 and 24 h after MSC delivery. After intraperitoneal injection of the reporter substrate D-luciferin (50 mg/ kg body weight), animals were imaged for 20 min using 5-minute high-sensitivity acquisition scans, and data were expressed as total radiance (photons/s/cm 2 /sr) over the area of the heart. Data are expressed as ratio of Fluc to Rluc activity.
Statistical Analysis
Statistical comparisons between groups were performed using nonparametric Mann-Whitney U test. Results are expressed as mean ± standard error of the mean (s.e.m.). Statistical significance was established at two-tailed p G 0.05. All analyses were conducted using GraphPad Prism 6.0 software.
Results
Diethylmaleate as a Mitochondrial Challenge
We observed that exposure of MSCs to increasing doses of DEM resulted in a dose-dependent decrease in OCR (Fig. 1a) , as well as a membrane depolarization (Fig. 1b) , leading to increased apoptosis (Fig. 1a) . Despite significant mitochondrial dysfunction, there was minimal yet significant necrosis/cell death at 50 μM DEM (Fig, 1a) . Furthermore, when MSCs were simultaneously treated with DEM (75 μM) and mito-Tempo (100 μM for 24 h), both ATP content and cell viability were improved (Fig. 1c, d) . Figure 2a shows that DEM (75 μM, 6 h) triggered the upregulation of many mitochondria-related genes. In these conditions, the antioxidant NQO1 displayed the highest increase both in gene and protein expression (Fig. 2b) , when compared to untreated cells. Moreover, when we challenged MSCs with another mitochondrial stressor (Oligomycin A, 10 μg/ml, 90 min) [43] , we again observed a 1.3-fold increase in NQO1 gene expression compared to control.
Identification of Markers of Mitochondrial Dysfunction
Construction of Reporter Gene Vectors
Therefore, we constructed a mitochondrial reporter gene sensor whose activity is driven by the NQO1 promoter. A plasmid vector (pNQO1-ARE-FLuc2) expressing firefly luciferase (Fluc) under a mitochondrial-specific antioxidant responsive promoter sequence derived from human NQO1 gene upstream of exon 1 from position 1347-1387 (acgcgtaaatcgcagtcacagtgactcagcagaatctgagcctagggagatct) was cloned into Mlu1 and BglII restriction enzyme sites of pGL4.12-Luc2 plasmid. Due to the relatively weak signal obtained when using pathway-specific Bsingle stepr eporter genes, and in preparation for in vivo use, a two-step transcriptional amplification (TSTA) system-based mitochondrial-specific antioxidant responsive vector was constructed. The above hNQO1-ARE sequence was cloned upstream of minimal-TK-promoter driving the expression of the GAL4-(VP16) 2 fusion protein in Bsu361/MluI restriction enzyme site by replacing the NFkB promoter sequence in pNFkB-TKminimal-TSTA-FLuc2 vector from our library (Fig. 3) . The vector possesses a FLuc2 gene with five repeats of GAL4-binding DNA sequence (G5-DBD) followed by E4-TATA box. When the mitochondrial stress-specific GAL4-VP16 protein expression increases, it binds to a G5-DBD inducing Fluc protein expression.
Reporter Gene Detection of Cellular Mitochondrial Function In Vitro
MSCs were co-transfected with the CMV-Rluc and NQO1-Fluc plasmids (10 and 500 ng per well, respectively) as previously described [27, 32] and exposed to different concentrations of DEM. The NQO1-Fluc signal was inversely proportional to the amount of OCR in the cells (Fig. 4a) . Importantly, MSCs exposed to a non-mitochondrial challenge (DMSO) had elevated LDH release, compared to controls (5.04 ± 0.63 vs. 3.56 ± 0.13 %, p = 0.02), but no change in mitochondrial function (OCR, 24.40 ± 1.74 vs. 25.33 ± 2.30 pmol/min/μg protein, p = 0.7143), and no increased signal from the mitochondrial Fluc sensor (0.28 ± 0.02 vs. 0.27 ± 0.01 RLU-Fluc/RLU-Rluc/μg protein, p = 0.5), showing that the mitochondrial sensor does not react to non-mitochondrial cellular stress, but is specific to the mitochondria. Furthermore, when MSCs were treated simultaneously with DEM and mito-Tempo, they exhibited lower NQO1-Fluc signal (Fig. 4b) . On the other hand, the Fluc signal from MSCs treated with Tempol (0.05-5 mM, concentrations shown to normalize cytoplasmic oxidative stress [34] ) was similar to that from cells treated with DEM alone (2.5 mM Tempol, Fig. 4c ). Moreover, exposure to H 2 O 2 induced a significant reduction in ATP content (Fig. 5a ), which was partially improved by mitoTempo, as well as an increased activity of the mitochondrial sensor, which was significantly reduced by mito-Tempo (Fig. 5b) . Finally, MSCs cultured in hypoxic conditions (1 % O 2 ) displayed a significant decrease in cellular ATP content (Fig. 5c ) associated with a significant increase in Fluc activity as assessed by luminometry (Fig. 5d ) and in vivo BLI (Fig. 5e,  f) .
Monitoring of Mitochondrial Function in MSCs
Finally, we validated the mitochondrial oxidative stress sensor in in vivo studies. Both at 6 and 24 h, the Fluc signal was highest in MSCs transplanted to IR animals compared to sham, suggesting that MSCs in the former group are undergoing a higher degree of mitochondrial dysfunction (Fig. 6a , b at 6 h and Fig. 6c, d at 24 h ). In the current conditions, and likely due to its absorption/emission properties, the Rluc signal could not be reliably detected by in vivo BLI. Thus, ex vivo luminometry of heart homogenates was used to enable correction of mitochondrial function activity (Fluc) for the number of viable MSC (Rluc) [32] . The ex vivo luminometry showed a similar behavior (Fig. 6e) . Moreover, MSCs transfected with a NullFluc vector displayed very low levels of Fluc activity (Fig. 6e) , whereas MSCs treated ex vivo with mito-Tempo (100 μM) showed Fluc signals that were similar to those in shams (Fig. 6e , n = 5).
Discussion
In this study, we validated a reporter gene sensor to detect mitochondrial dysfunction in stem cells transplanted into the ischemic myocardium. Moreover, this study provides evidence that this novel mitochondrial sensor may be used to monitor the effect of adjuvant interventions targeted to improve the biology of transplanted progenitor cells. Cell therapy studies, regardless of the cell type used, have consistently encountered a significant rate of cell death after transplantation [28, 44, 45] . As mitochondrial function is a major determinant of cell survival, there is interest in understanding the mitochondrial status in transplanted cells. The mitochondria have many functions, including cellular respiration/ATP synthesis, apoptosis regulation, calcium handling, and redox signaling, among others. For the purpose of the development of the mitochondrial sensor, we chose to screen several candidates that reflect many (but not all) of the functions associated with the mitochondria. We chose some of the markers/functions deemed more critical to cell survival and, therefore, more likely to result in cell death. Notwithstanding, it is possible that other mitochondrial functions/markers not tested could have also been affected in these conditions.
In these studies, we chose DEM as the mitochondrial challenge. DEM is a compound that leads to increased oxidative stress, thereby destabilizing mitochondria, leading to mitochondrial dysfunction, as shown in previous studies [35, 46] . Our results show that DEM affected cellular respiration and membrane polarization leading to cell death, validating the mitochondrial dependence of this challenge. In these settings, NQO1 was the most promising candidate among the genes evaluated. NQO1 is an enzyme that is associated with mitochondrial metabolism and stress, which has been closely linked to cellular respiration, and ultimately, cell survival. The intention of the use of DEM is not to reproduce the noxious environment that MSCs face after transplantation, but rather to induce mitochondrial dysfunction in a controlled, predictable way to allow proof-ofprinciple experiments to validate the candidate marker probe. We have previously shown that the post-ischemic myocardium is a noxious environment characterized by increased inflammation, fibrosis, and oxidative stress, all in a state of relative hypoxia [8, 9] . Due to the complexity of the stimuli involved, and the dynamic nature of the changes, we believe that the post-ischemic microenvironment cannot be accurately reproduced in vitro, hence the critical importance of our in vivo studies to provide conclusive evidence of the activation of the mitochondrial sensor in that setting. Nevertheless, we studied in vitro the effect of ROS in MSCs (after exposure to H 2 O 2 ), as it would occur in a post-IR environment, to confirm the utility of the NQO1-Fluc sensor for our studies. The small, but statistically significant, improvement in the amount of ATP and sensor activity observed in MSCs treated with the mitochondrialspecific mito-Tempo may be due to the fact that the majority of the ROS are in fact produced in the cytoplasm.
From the imaging perspective, we elected to use the Fluc reporter gene system, which has been a cornerstone of BLI to evaluate cell fate and pathway-specific processes [32, 47] in small animal studies, in large part due to the high wavelength (500-700 nm) of the Fluc signal [27, 29, 31] . In this manuscript, we extend our previous work and show the versatility of this imaging approach in the understanding and monitoring of cell biology directly in the living subject. Furthermore, these systems can be used not only for monitoring purposes but also as an endogenous trigger for therapy, in a BTheranostics^approach. One could conceive the use of endogenous mitochondrial signals, to trigger the activation of different endogenous or exogenous therapeutic genes, with the ultimate goal of improving cell function, and ultimately, cell survival. Because Fluc uses ATP to catabolize luciferin, it is possible that, under mitochondrial stress conditions, the in vivo Fluc signal may have been Bminimized^by the dependence of Fluc activity on the availability of ATP in mitochondrially stressed cells, and that having used a non-ATP-dependent reporter gene, results might have been even more impressive. It should be mentioned that ATP is not needed for the in vitro luminometer testing and that in vivo and in vitro studies had quite comparable results. In future studies, reporter genes that do not depend on ATP for its activity can be considered.
Available options may not be sensitive enough or not in the desired light spectrum to be applicable to animal studies. Positron emission tomography reporter genes like thymidine kinase may be an option but are not ideal for high-throughput small animal studies [25] .
Furthermore, the absolute level of signal produced by the NQO1 reporter vector, when compared to the Fluc signal expressed under a CMV promoter, is several folds lower and is below the threshold of luciferase protein required to optically image myocardial implants in murine model. Hence, we constructed a two-step transcriptional amplification strategy, which we previously developed and applied for imaging various endogenous promoters (prostate-specific antigen-PSA, hypoxia inducible factor one alpha-HIF 1α, vascular endothelial growth factor-VEGF) in living animals [48] [49] [50] .
Conclusions
In conclusion, this study demonstrates the feasibility of using a conditional reporter gene approach to monitor the mitochondrial function of transplanted progenitor cells, providing a novel platform for optimizing the use of cell therapies.
